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This study focuses on the assessment of three graffiti cleaning systems on alkyd-paint graffiti 
aerosols made on two Portuguese carbonate stones, a marble, Branco, and a limestone, Lioz. These 
carbonate stones are commonly used in Portugal as building materials and ornamental stones. Two 
non conventional commercial dry soft-abrasive blasting media (MC1 and MC2), specifically developed 
to clean the sensitive and delicate surfaces were tested, MC1 uses a sponge-like urethane polymer 
involving spherical calcium carbonate particles and in MC2 pure spherical calcium carbonate particles 
are used. An alkaline cleaner based on a solution of potassium hydroxide was also tested (CC1). 
The criteria for assessing the effectiveness and potential risks included changes in the 
chromatic parameters, static contact angle and surface roughness of the stones, identification of 
deleterious products (i.e. salts) and modification of the morphology and the composition of the 
surfaces. 
The methods were effective in the removal of the paint layers, although surfaces became 
slightly lighter. Adapting the classification proposed by Garcia and Malaga [29], the mechanical soft-
abrasive cleaning methods were classified for both stones as Class C, i.e., with ΔEab near 12. The 
chemical cleaning was classified as Class A for marble stone (ΔEab < 5) and as Class B for the 
limestone (5<ΔEab<10). No sub-products were identified. With the chemical cleaning, distinct removal 
of crystals or dissolution of grain boundaries in addition to surface dissolution was observed.  
The cleaning methods presented a slight low damage potential to these stone materials, i.e., the 
impact of the cleaning methods on the topography of the surfaces was much reduced. These methods 
also altered the water repellency of the stone surfaces. An increase in the static contact angles was 
observed and could be related with changes in the roughness of the surfaces and also to unremoved 
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Este estudo avalia a eficácia de três métodos de limpeza de graffiti feitos à base de tintas 
alquidicas em aerosol. Tendo sido testados em duas surpefícies petreas calcárias portuguesas, o 
mármore Branco de Estremoz e o cálcario sedimentar Lioz de Pêro Pinheiro. Estas pedras calcárias 
são usualmente utilizadas como materais de construção bem como para fins ornamentais. Foram 
utilizados dois métodos de limpeza mecânica a seco (MC1 e MC2) com abrasivos especialmente 
desenvolvidos para limpeza de superfícies sensiveis e delicadas. MC1 utiliza uma esponja polimérica 
à base de uretano envolvendo micro partículas de carbonato de cálcio esfericas. MC2 utiliza apenas 
micro partículas de carbonato de cálcio convencionais. Um removedor químico de graffiti à base de 
hidróxido de potássio foi também testado (CC1). 
Os critérios estabelecidos para definir a eficiência e riscos potenciais incluem a alteração dos 
parametros crómaticos, do ângulo de contacto estático, da rugosidade superficial das pedras, assim 
como a identificação de sub produtos (ex. sais) e a modificação da morfologia e composição das 
superfícies. 
Os processos de limpeza testados mostraram-se foram eficientes na remoção das camadas 
cromáticas, apesar de as superfícies se terem tornado ligeiramente mais claras. Utilizando a 
classificação proposta por Garcia e Malaga [29], os métodos de limpeza mecânicos foram 
classificados como classe C para as duas tipologias pétreas, tendo sido alcançadas valores de  
ΔE*ab próximo dos 12. O método de limpeza química foi classificado como classe A para o mármore 
(ΔE*ab<5) e Classe B para o Lioz (5< ΔE*ab<10). Não foram identificados sub produtos. Com a 
limpeza química foi observada a remoção de cristais ou dissolução nas fronteiras de grão para além 
da dissolução superficial.  
Os métodos de limpeza utilizados representam ligeiro potencial de dano nos materiais petreos, 
i.e., o impacto dos mesmos na topografia das superfícies é muito reduzido. Estes métodos também 
alteraram a hidrofobicidade das superfícies. Observou-se um aumento do ângulo de contacto 
estático, podendo este, estar relacionado com alterações na rugosidade das superfícies, bem como 
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1. Introduction  
Graffiti is an engraving, scratching, cutting or application of paint, ink or similar matter on the 
stone surface [1]. Graffiti is generally the result of an act of vandalism although some may have 
historical, aesthetical or cultural values and should be conserved. Graffiti media includes a wide range 
of materials such as paints applied by brushes (oils and synthetic resins) or aerosols (polyurethanes, 
lacquers and enamels), dyes, felt-tip markers, ball-point pens, wax and oil crayons and lipsticks, 
chalks, adhesive labels and posters and the physical scratching of surfaces [2], [3]. 
Graffiti, as an act of vandalism, is undoubtedly a major danger to stone Cultural Heritage and a 
risk for the preservation of the historical and cultural legacy for future generations. Graffiti can severely 
damage stone, accelerating its decay and lead to important materials losses and even to loss in value 
and significance [2], [3]. Moreover graffiti has also inevitable negative economic impacts to stone 
cultural heritage due to the impossibility to enjoy it adequately, and also to the necessity of adoption 
corrective measures, such as application of graffiti cleaning methods and preventive protection by 
using anti-graffiti coatings. 
Graffiti cleaning is an essential part of conservation treatments and is not only necessary for 
aesthetical reasons but also required to ensure better preservation of stone materials. Although graffiti 
cleaning methods are potentially effective they present, in some cases, the potential for excessive 
material removal or other changes to the surfaces and, consequently, superficial, or even structural 
damage. Some graffiti cleaning methods/techniques can also accelerate stone decay through 
interaction with stone substrata or generation of by-products (e.g. soluble salts) which, remaining 
within the material, may affect the future preservation  ([3], [4], [5]). In such cases irreversible damage 
happens to the surfaces which are unacceptable in objects with cultural heritage value. Other factors 
such as the nature, chemical, physical and mineralogical structure and physical condition of the stone 
material type of pre-existing soiling or patina present and type of graffiti marker should also be taken 
into consideration ([5], [6]). 
Different techniques and methods have been studied and used to remove such unwanted 
marks such as those involving water jet, grit-blasting, chemical removal, laser technology and 
atmospheric plasma ([6]-[22]). The development of anti-graffiti protection/ barrier coatings intended to 
facilitate the removal of graffiti from the surfaces is also a subject of interest ([23]-[40]).  
An understanding of the principles, effectiveness, harmfulness and nocivity of each cleaning 
method/technique and its comparison is thought to be essential for its conscientious use. Therefore 
this study focuses on the assessment of the effects of mechanical soft-abrasive blasting and chemical 
cleaning methods on alkyd-paint graffiti made on carbonate stones. In previous works were assessed 
the effects of these alkyd paint sprays in these stones when subjected to simulated graffiti situations in 







2. Materials and Methods 
2.1 Materials description and characterization 
Two Portuguese carbonate stones commonly used in Portugal as building materials and 
ornamental stones were chosen: a Cretacic limestone - Lioz and a Cambrian to Upper Silurian white 
marble - Branco (Fig. 2.1.). These materials have been widely used in monuments and are still used in 
the construction of modern buildings and sculptures not only in Portugal but also abroad.  
 
  
Figure 2.1. - Investigated lithotypes: a) Lioz; b) Branco stones   
 
Lioz is a coarse cream microcrystalline limestone, bioclastic and calciclastic, whereas Branco is 
crystalline calcite marble (~98% calcite), with a granoblastic texture with medium-grained zones. A 
detailed petrographical, chemical, physical and mechanical characterization of this limestone and 
marble is presented by [43] and [44], respectively. In spite of their different geological and 
petrographical characteristics, both lithotypes present very low porosity (<0.40%) and water absorption 
capacity (<0.15%) [45] their uniaxial compressive and flexural strength can be considered medium to 
high (>1000 kg.cm-2 and >200 kg.cm-2, respectively) [45]. 
The alkyd spray paints used in this work (Fig. 2.2.) correspond to trademarks MOTIP HOME & 
HOBBYLACQUER® [46]. The colours selected were gentian blue (RAL code R-5010), carmine red 
(R-3002) and jet black (R-9005). These sprays were chosen based on their low price and availability in 
non-specialized stores and their probable different interactions with stone substrata due to the use of 
different pigments, dyes or fillers. Details of the particular paint formulations are proprietary of the 






Figure 2.2. - Investigated lithotypes and alkyd sprays applied: jet black, carmine red and gentian blue paints. 
 
Composition of these graffiti paints was characterized by Fourier Transform Infrared 
spectroscopy and the main component of these sprays is a polymeric base with different charges or 
fillers [42]. 
A set of twenty four parallelepiped test cupons (7 x 5 x 1.5 cm) were previously prepared for 
each lithotype (cutted using a circular diamond saw and finished using carborundum 180 and without 
any other surface finish). The cupons were uniformly sprayed with the alkyd paints (at an average 
angle of 45° and from a distance of 30cm, with environment conditions ranging between 18-25 ºC air 
temperature and 60-70% relative humidity), onto the surfaces in order to simulate the graffiti action 
[41]. The paints created a smooth, uniform and dense overcoat and filling in surface irregularities in 
both lithotypes [41]. A second set of samples, with the same geometry was left unpainted and 
considered as reference. 
The cleaning tests were performed 24 months after the application of alkyd-spray paints. 
 
2.2 Tested graffiti cleaning methods 
Two non conventional commercial dry soft-abrasive blasting media, specifically developed to 
clean the sensitive and delicate surfaces (Fig. 2.3.), were used in this study: MC1 (Sponge-Jet ™) and 
MC2 (Exastrip ™). MC1 uses a sponge-like urethane polymer involving the abrasive composite 
(spherical calcium carbonate) whose function is to reduce dust levels and minimize abrasion of the 
substrate. In MC2 pure spherical calcium carbonate particles are used. To minimize dust, water can 
be added in MC2 system. The abrasive used in MC1 and MC2 was White SPOCC Sponge Media™ 
and EXAHDO® media, respectively. Besides the similar chemical composition of the particles their 
dimension is different: in MC1 technology the particles are smaller compared with those used with 
MC2 technology, i.e., particle’s range varied between 27µm-100 µm and  between 70µm-200 µm, 
respectively, as confirmed by scanning electron microscopy (Fig. 2.4.). Both technologies use low 
effective adjustable compressed air (from 0,5 to 2,5 bar), to propel the particles. In these experiments 
a maximum pressure of 2 bar was used, being the media amount and velocity tightly controlled to 






Figure 2.3. - Investigated lithotypes during cleaning of graffiti using the two mechanical dry soft-abrasive blasting 




Figure 2.4. - FESEM images of spherical calcium carbonate particles: (a) MC1 and (b) MC2 technology.  
 
 
Several aspects regarding health and safety issues and waste production must be mentioned 
when dealing with these soft-abrasive blasting cleaning methods. It is mandatory to encase the site 
carefully and the operators who work inside the shelter case must be protected from inhaling dust 
particles. Moreover they must use eye protection and also auricular protectors due to noise produced 
by the compressed air systems. The abrasive used in MC1 has the advantage of being able to be 
reused several times (four times maximum, according to the manufacturer) using a specific equipment 
for recycling.  
Both blasting techniques have already been applied in the masonry cleaning of historical 
buildings such as the Wisconsin and Idaho state capitols, Washington Square Arch in New York,  




A chemical method (CC1) based on a solution of potassium hydroxide (10–30% wt%) and 
surfactants (1-2% wt%, 2-aminoethanol) was also used (AGS 60™, Trion Tensid AB, Sweden). 
Potassium hydroxide is a suitable alkaline cleaner for acid sensitive historic masonry materials. This 
product was applied in two steps by soft brush on the stone wet surfaces and was leave to act for 30 
minutes (1st step) + 15 minutes (2nd step) until paint graffiti was dissolved, followed by hot pressure 
tap water rinse (50°C) to increase the effectiveness of the alkaline cleaner for removing the graffiti 
spray paint. These samples were, then, dried and stored for 15 days in the laboratory environment (at 
20 ± 2 °C air temperature and 60 ± 5% relative humidity). Also several aspects regarding health and 
safety issues must be mentioned when dealing with graffiti chemical removals, since they are 
potentially toxic and are often primary irritants of the skin, eyes and mucous membranes. So, it is 
recommend having good ventilation and the operators must use eye, airways and skin protections. 
 
2.3 Methods 
The criteria for assessing the effectiveness and potential risks of the studied cleaning systems 
included changes in the chromatic parameters, static contact angle and surface roughness of the 
stones, identification of deleterious products and modification of the morphology and the composition 
of the surface. 
A stereomicroscope was used to record the sample surfaces before and after the application of 
the different cleaning methods. An Olympus system SZX12, mounted on an extendable arm SZ-STU2 
with a digital camera DP-12 and an independent light source HighLight 3100 was used. 
Field emission scanning electron microscopy (FESEM) was used to examine how topographical 
variations correlated to the removal of surface alkyd-paint materials. Moreover this tool was also used 
to evaluate compositional information of the surfaces. A Jeol JSM-7001F microscope equipped with 
an Oxford EDS light elements detector was used. The samples were previously coated with a high 
conductance thin gold-palladium film.  
A Minolta portable spectrophotometer (model CM-508i) was used to monitor the effectiveness 
of the graffiti cleaning methods. Colour characterization tests were carried out with an integrating 
sphere (diffuse illumination /8º viewing angle), featuring an 8 mm diameter area of measurement with 
diffuse illumination by means of xenon flash arc lamp and 10 nm diffuse bandwidth. CIELAB values for 
D65 average daylight illuminant including ultraviolet radiation and CIE 2º Standard Observer following 
the ASTM-D2244-79/ D2244-85 standard method, was used [51]. Metric chroma (C*) was also 







Five measurements were averaged to obtain one data point. 
The colour differences were determined as follows: ΔL*=L*1 – L*0; Δa*=a*1 – a*0; Δb*=b*1 – 
b*0, ΔC*=C*1 – C*0 where L*1, a*1, b*1, C*1  are the final values after cleaning, and L*0, a*0, b*0, 
C*0 are the reference ones, i.e., the original colour of the stones, prior to the application of spray 














the application of an anti-graffiti product [29]. According to this classification, total colour changes 
cannot be seen by a human eye when ΔEab values are < 5 units (class A). When ΔEab values range 
between 5 and 10 units, then it can be assumed that the colour change can be perceived by a human 
eye but it is considered to be acceptable (class B). Finally, when ΔEab values are > 10 units, the 
colour change is considered clearly visible (Class C). Similar convention was adopted in this case-
study. 
Fourier Transform Infrared Spectroscopy (FTIR) was used to detect the presence of the red, 
blue and black paints and/or sub products generated by interaction of paints or cleaning methods with 
stone substrata. FTIR spectra were obtained in reference samples, in areas where graffiti paints were 
applied and also after the application of the mechanical soft-abrasive blasting and chemical cleaning 
methods. Micro samples were systematically collected from different areas using a steel scalpel. After 
cleaning, the surfaces were observed under a stereomicroscope and sampling corresponded to 
apparently cleaned areas. These micro samples were dried at 70°C (to eliminate the effect of water 
molecules) and powdered, before being dispersed in KBr pellets. Spectra were recorded with a Perkin 
Elmer Spectrum 65 spectrometer. For the 4000 cm
-1
 to 400 cm
-1
 region. Each data point was the result 
of the accumulation of 20 scans with a resolution of 2cm
-1
. 
A surface roughness instrument (Surfecoder SE1200) was used to assess the morphological 
changes of the sample surfaces. Surface roughness is a physical characteristic of the surface texture 
and also an indicator of the impact of a cleaning method on the topography of the stone surfaces. 
Parameters Ra, the arithmetic mean deviation of the roughness profile and Rz, the mean value 
of roughness depth of three consecutive sampling lengths, were evaluated.  A scan length of 4 mm 
was used and the parameters were measured in triplicate for each sample at three different sampling 
points. It is very important to monitor variations on surface’s roughness and to establish threshold 
values, in order to define the levels at which relevant parameters are likely to change surface 
roughness. Gaspar et al established damage thresholds based on variations of root mean square 
roughness (RMS) induced on surfaces after application of cleaning treatments based on the standard 
deviation of the RMS roughness values measured in reference sample surfaces before cleaning 
treatments [14]. A similar methodology was adopted in this case study based on Ra and Rz surface 
roughness parameters.  
A goniometer (CAM 100, KSV, Helsinki, Finland) equipped with a digital camera and image 
analysis software was used to measure static contact angles. Static contact angles were measured in 
reference samples, in samples where graffiti aerosol paints were applied and after application of 
graffiti cleaning methods. Measurements were made at room temperature (20ºC) by applying the 
sessile drop method. Deionised water was used as the wetting liquid, with a droplet volume of 13 µL. 
Acquisition time was extended up to 17 seconds with a frame interval of 1s. Sessile drop contact 







3. Results and Discussion 
3.1 Macroscopic observation and field emission scanning electron microscopy 
The macroscopic observation of the stone surfaces after the application of the cleaning 
methods revealed they were apparently effective in the removal of the red, blue and black paint layers. 
The macroscopic observation of the stone surfaces after cleaning did not revealed relevant alterations 
of the surfaces. Apparently the outer layer of the stone material was not removed and cleaned areas 
did not looked different from the reference samples. Moreover no stone detachments or scaling were 
observed during the graffiti cleaning tests.  Pathologies such as pitting, strong abrasion, microfissures 
or salt formation were not observed. Authors such as Young et al reported such pathologies in 
sandstone and granite building facades after cleaning those surfaces with mechanical soft-abrasive 
and chemical methods  and related it to excessive pressure or dissolution of weaker spots in stone 
[53]. Ortiz et al also referred appreciable damage of the marble surfaces, i.e., surface erosion, after 
graffiti cleaning using pressurized water and UV pulsed laser ablation at 266 nm. Pressurized water 
and laser cleaning with 266 nm pulses originated multiple hues and loss of grains in the sub-millimeter 
scale. Nevertheless these authors did not observed structural damages after cleaning with chemical 
methods [17]. In addition Rivas et al also reported the formation of fractures on quartz crystals as 
response of Spanish granites to treatment with laser Nd:YVO4 removal of graffiti operating at a 
wavelength of 355 nm [18]. Antúnez et al evaluated different cleaning methods on graffiti made in a 
dolomitic marble and also reported superficial damage on the stone surfaces after application of high 
pressure water cleaning [8]. 
The stereomicroscope observation of the surfaces (Fig. 3.1.), revealed that soft-abrasive 
blasting and chemical cleaning were apparently effective in the removal of the red, blue and black 
paint layers, although some traces of paint were still visible. Nevertheless some differences were 
obtained for both lithotypes. Branco, the marble lithotype, presented a more homogeneous cleaned 
surface with only some sporadic small paint spots, whereas Lioz, the limestone, presented extra 
accumulation of the paint associated with heterogeneities of this stone like stilolytes. Ciliberto et al 
also observed some residues in the surface of limestone samples cleaned with commercial liquid and 
pasta cleaner products [26]. Moreover Lettieri et al  and Antúnez et al also reported ineffective 
removal of an aerosol paint graffiti applied in a highly porous calcarenite [35] and in a dolomitic marble 
[8] after application of two chemical products (a glycol ether-based solution and a mixture of 
surfactants and solvents) and after application of high pressure water cleaning, respectively. Similar 
results were obtained by Liccheli et al i.e., the stone surfaces were still completely stained (with a 












Field emission scanning electron microscopy confirmed the composition and dimensions of the 
spherical precipitate of calcium carbonate particles used as abrasive in both blasting mechanical soft-
abrasive cleaning systems (Fig. 2.4.).  
 
Analyses of stone fragments after the application of the different cleaning methods using 
FESEM confirmed stereomicroscope observations, i.e., minimal or even non-existent paint remains on 
both stone surfaces independently on the cleaning method considered. Nevertheless, in what 
concerns surface modifications the extent and type were different. The extent of surface modifications 
was reduced when mechanical soft-abrasive blasting methods were applied, showing both stone 
surfaces slight erosion (Fig. 3.2. a, c, d and Fig. 3.3. a, c, d). This observation was in agreement with 
surface roughness values (Fig. 3.6.). Distinct removal of crystals (cleavage planes were visible), or 
dissolution of grain boundaries in addition to surface dissolution was observed after the application of 
the chemical cleaning method (Fig. 3.2.b and Fig. 3.3.b).  
 
 
Figure 3.2. - FESEM images of Lioz: a) Reference sample (before paint application); b) after chemical cleaning; c) 






Figure 3.3. - FESEM images of Branco: a) Reference sample (before paint application); b) after chemical 
cleaning; c) and d) after mechanical soft-abrasive cleaning with MC1 and MC2, respectively. 
3.2 Colorimetric assessment 
The main colour changes induced by the tested graffiti cleaning methods were summarized in 
Table 3.1., Table 3.2. and Fig. 3.4. Similar tendencies were observed for both lithotypes and alkyd-
paints applied. The cleaning methods mainly affected the L* coordinate and an increase in this value 
was observed. Average values of lightness between 80 and 85 were reached after cleaning Branco 
and Lioz surfaces, respectively (vs 70 and 75 in reference samples). The chroma (Cab) remained 
almost unaltered (Table 3.1., Table 3.2., Fig. 3.4.).  
 
Table 3.1. - Mean values and standard deviations of the colorimetric differences (ΔL*, Δa*, Δb*, ΔCab) and of the 
global color changes (ΔEab) determined after cleaning of painted Lioz samples with the tested graffiti cleaning 
methods. 
 
Lioz Δ L* Δ a* Δ b* Δ Cab Δ Eab 
MC1       
carmine red 10.90 ± 1,50 1,00 ± 0,34 1,04 ± 0,16 1,38 ± 0,27 11,14 ± 1,45 
jet black 10,70 ± 0,75 -0,30 ± 0,03 -0,89 ± 0,35 -0,92 ± 0,26 10,76 ± 0,68 
gentian blue 6,29 ± 2,52 -3,83 ± 0,42 -6,78 ± 0,46 -1,36 ± 0,37 12,28 ± 3,93 
MC2      
carmine red 11,36 ± 1,73 0,23 ± 0,52 1,15 ± 0,82 1,19 ±0,89 11,44 ± 1,68 
jet black 10,45 ± 1,38 -0,37 ± 0,15 -0,18 ± 0,08 -0,24 ± 0,09 10,52 ± 1,41 
gentian blue 13,23 ± 0,70 -0,45 ± 0,07 0,09 ± 0,27 -0,01 ± 0,34 16,31 ± 4,35 
CC1      
carmine red 10,95 ± 2,47 -0,13  ± 0,00 -0,78 ± 1,62 -0,78  ± 1,59 11,03  ± 2,57 
jet black 6,87  ± 0,77 -0,20  ± 0,09 0,58  ± 0,64 0,51  ± 0,62 6,90  ± 0,82 
gentian blue 11,17  ± 0,40 -1,63  ± 1,33 1,17  ± 0,86 -1,40  ± 1,07 11,41  ± 0,12 
 
 
Note: the colour differences correspond to the the final values after cleaning, and the reference ones, i.e., the 







Table 3.2.- Mean values and standard deviations of the  colorimetric differences (ΔL*, Δa*, Δb*, ΔCab) and of the 
global colour changes (ΔEab) determined after cleaning of painted  Branco samples with the tested graffiti 
cleaning methods. 
 
Branco Δ L* Δ a* Δ b* Δ Cab Δ Eab 
MC1      
carmine red 9,84 ± 0,67 2,91 ± 0,86 -0,77 ± 0,61 0,83 ± 0,55 10,34 ± 0,62 
jet black 10,13 ± 1,51 0,04 ± 0,24 -0,22 ± 0,50 -0,16 ± 0,48 10,14 ± 1,51 
gentian blue 10,11 ± 0,83 -2,09 ± 0,88 -3,84 ± 1,62 1,95 ± 1,45 11,14 ± 0,74 
MC2      
carmine red 11,41 ± 0,50 0,95 ± 0,41 -1,13 ± 0,45 -1,03 ± 0,38 11,52 ± 0,48 
jet black 10,71 ± 0,77 -0,07 ± 0,40 -0,66 ± 0,47 -0,36 ± 0,28 10,74 ± 0,22 
gentian blue 12,04 ± 1,26 -0,63 ± 0,15 -2,21 ± 0,99 -0,15 ± 0,67 12,29 ± 1,23 
CC1      
carmine red 2,98 ± 0,25 1,02 ± 0,55 0,00 ± 0,17 -0,01 ± 0,14 3,19 ± 0,06 
jet black 2,34 ± 0,52 0,18 ±0,07 1,84 ± 1,02 1,52 ± 0,62 3,04 ± 1,18 
gentian blue 5,12 ± 1,43 -0,31 ± 0,00 -1,18 ± 0,32 -0,46 ± 0,14 5,26 ± 1,46 
 
 
Note: the colour differences correspond to the the final values after cleaning, and the reference ones, i.e., the 
original colour of the stones, prior to the application of spray paints 
 
 




The average global colour changes (ΔEab) after cleaning both stone types, were significant, 
achieving ΔEab values above 10 (Table 3.1. and Table 3.2.). Exception was the chemical cleaning of 
marble samples (Table 3.2.).  
Adapting the classification proposed by García and Malaga, the mechanical soft-abrasive 
cleaning methods were thus classified, for both stones, as Class C, i.e., the colour change was 




cleaning methods did affect the ultimate post-cleaning appearance of both lithotypes. Significative 
colour changes were also obtained by Ortiz et al and Rivas et al when evaluated laser cleaning 
methods on graffiti made on marble [17] and granite stones [18]. 
Regarding the chemical cleaning, two behaviors were observed. For the Branco marble, ΔEab 
values were lower than 5 units (Table 3.2.), i.e., the total colour changes could not be seen by a 
human eye. Therefore the samples after cleaning and the reference were colorimetrically similar. 
According to the former classification, the chemical cleaning of Branco marble was classified as Class 
A. For Lioz, the limestone, average ΔEab values were higher than 5 units (Table 3.1.) and in some 
cases higher than 10 units. It can therefore be assumed that the colour change can be perceived by a 
human eye but considered to be acceptable (5<ΔEab<10) or clearly visible (ΔEab>10). So, according 
to this classification the chemical cleaning method was classified as corresponding to Class B and 
Class C for Lioz limestone.  
 
3.3 Fourier Transform Infrared Spectroscopy (FTIR) 
The most representative FTIR spectra for reference samples of both lithotypes, for the alkyd-
paints and for the surfaces after application of the cleaning methods are presented in Fig. 3.5.  
  
Figure 3.5. - Fourier transform infrared spectroscopy spectra (transmittance mode) of the reference samples and 
after mechanical soft-abrasive and chemical cleaning: Branco (a) and Lioz (b).  
 
FTIR spectra indicate calcite as the main component of both lithotypes identified by its main 
absorption bands at 1424, 875 and 712 cm
-1
 (Fig. 3.5.). A strong band related to to the O-H stretching 
vibration of water was detected at around 3400 cm-1. 
FTIR spectra confirmed the composition of red, blue and black paints, i.e, these paints are 
composed of alkyd and polyester resins (Fig. 3.5.) as previously demonstrated by Ribeiro [41]. The 
three paints are similar and the FTIR spectra presents bands assigned to C-H and ester functional 
groups. The bands around 2852cm
−1
 and 2923 cm
−1
 are assigned to C-H asymmetric stretching 
vibrations of alkanes. Esters were identified at 1729cm
−1
 corresponding to the stretching vibration C=O 
and those between 1300 and 1000cm
−1
 corresponding to COC group vibration stretching. Esters of 
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unsaturated aliphatic fatty acids in the composition of the paints were identified by detection of an 
effect at 1260cm
−1
 and several effects around 1200–1100cm
−1
. 
According to the FTIR analyses, the chemical or mechanical soft-abrasive blasting cleaning 
achieved satisfactory results. Nevertheless in addition to the peaks characteristics of carbonates, 
weak but clear absorptions attributable to organic functional groups present in the paints spectra (Fig. 
3.5.) were still present (Fig. 3.5.) and probably related to some residues retained by both stones after 
cleaning.  
FTIR spectroscopy indicated the absence of sub products, i.e., no formation of salts were 
detected on the stone surfaces (Fig. 3.5.). Young et al considers that stone cleaning methods have the 
potential to cause accelerated stone decay through a variety of mechanisms namely chemical 
residues, when present,  can cause salt related decay [52]. However in the present study no salt 
formation was identified.  
 
3.4. Surface Roughness 
Ra and Rz roughness parameters determined after cleaning of graffiti painted carbonate stones, 
as well as the reference values measured on the samples before graffiti simulation are presented in 
Table 3.3.  
 
Table 3.3. - Ra and Rz roughness values determined after cleaning of painted carbonate surfaces as well as the 
reference values measured on the samples before graffiti simulation (values correspond to average ± SD). 
 
 Lioz Branco 
 Ra [µm] Rz [µm] Ra [µm] Rz [µm] 
MC1     
carmine red 2,863±0,928 17,087 ± 3,043 4,617 ±1,246 21,673±10,561 
jet black 3,096±0,890 17,680 ± 7,269 5,075 ± 0,483 18,584 ± 1,935 
gentian blue 2,758±0,909 11,024 ± 3,431 5,089 ± 1,217 23,301 ± 9,178 
MC2     
carmine red 2,351±0,286 14,546 ± 3,742 4,199 ± 0,973 19,073 ± 8,048 
jet black 2,385±0,270 13,458 ± 3,805 4,343 ± 0,555 16,003 ± 2,337 
gentian blue 2,774±0,643 9,749 ± 1,451 3,948 ± 0,961 18,721 ± 8,268 
CC1     
carmine red 1,506±0,529 6,500 ±1,820 3,182 ± 0,557 11,977 ± 2,008 
jet black 2,656±0,930 9,809 ±3,186 3,560 ± 0,782 12,518 ± 1,821 
gentian blue 1,769±0,878 8,405 ±5,178 2,157 ± 0,604 9,301 ± 1,873 
Reference 2,024±0,756 13,943 ± 4,261 4,159 ± 0,714 25,644 ± 3,594 
 
Although the chemical composition of these two materials is similar, they present very different 
structures, and thus a strong influence on the roughness values was observed. Branco, the crystalline 
stone, is rougher than Lioz, the sedimentary microcrystalline limestone (Table 3.3.). 
For both stones and independently of the color applied to the stone surfaces, MC1 and MC2 
(Fig. 3.6. a, b) induced a slight change (< 1 μm) of the arithmetic mean deviation of the roughness 





Alkaline chemical cleaning (CC1) induced, in both stones and for all spray colors applied, a 
slight reduction in roughness values (Fig. 3.6. c, d) with average variations less than 1 μm for Ra (for 
all colours). The most affected parameter was Rz, with a reduction of its values, which reached 13 μm 
in the case of red painted marble samples and 10 μm in the case of black painted limestone samples 
(in comparison with 26 μm and 14 μm in reference samples of Branco and Lioz, respectively). Antúnez 
et al also used chemical cleaning methods for graffiti removal and evaluated roughness parameters 
with laser scanning confocal microscopy [8]. In this study these authors reported significant roughness 
differences between cleaned and uncleaned zones, without specifying values. The cleaning of aerosol 
alkyd graffiti paints in both lithotypes induced a reduction in the Rz values by eliminating the relief 
associated with the mineral habit and therefore reducing the difference between peaks and valleys. 
 
Figure 3.6. - Ra versus Rz values for reference surfaces and after mechanical soft-abrasive and chemical cleaning for Lioz (a,c) 
and Branco (b,d) surfaces. 
 
In order to evaluate if roughness damage thresholds were exceeded with the graffiti cleaning 
methods, a methodology similar to the one proposed by Gaspar et al was applied [14]. Damage 
thresholds based on the standard deviation of the roughness values measured in reference samples 
before cleaning treatments was used. Thus, for Lioz damage thresholds were considered for 
variations of Ra and Rz values above 0,76 μm and 4,26 μm, respectively (Table 3.3.). For Branco 
damage thresholds were considered for variations of Ra and Rz values above 0,71 μm and 3,59 μm, 
respectively (Table 3.3.). Therefore if only Ra values were analysed one can considered there was no 
impact of cleaning treatments on surfaces. However based on Rz values the same cannot be inferred, 





3.5 Static Contact Angle 
Fig. 3.7. and Fig. 3.8. display the static contact angles for both lithotypes before and after the 
application of the graffiti cleaning methods. Moreover reference values, corresponding to non-painted 
surfaces are also presented. 
The Branco and the Lioz can be considered hydrophilic (θs<90º) before the application of 
aerosol-paint (Fig. 3.7. and Fig. 3.8.). Nevertheless marble is more hydrophobic than the limestone 
lithotype. This different behaviour can be related to their different intrinsic characteristics and also 
petrophysical properties.  
Applying aerosol-paints over stone surfaces lead to an increase in the hydrophobic behaviour of 
both lithotypes, achieving static contact angles roughly 90° (Fig. 3.7. and Fig. 3.8.) and thus inducing 
enhancement in hydrophobicity, as already reported by [42]. The graffiti paint layers changed the 
stone surface’s character from hydrophilic (θs<90º) to hydrophobic (θs>90º). Similiar results were 
obtained by Ciliberto et al after the application of orange, blue metal and red acrylic sprays in two 
Italian calcarenites [26]. Lettieri et al also reported an elevated hydrophobicity (water-stone contact 
angles higher than 120°) of the surfaces after the application of an orange aerosol spray paint on an 
Italian calcarenite [35]. 
  
Figure 3.7. - Static contact angle values versus time for reference surfaces, after application of aerosol graffiti 
paints, after mechanical soft-abrasive and chemical cleaning on Lioz (a) and Branco (b) surfaces.  
 
After the cleaning step, either mechanical blasting or chemical cleaning, and for both lithotypes 
an increase in the static contact angle values was observed (Fig. 3.7. and Fig. 3.8.). The cleaning 
methods particularly MC2 greatly modified static contact angles values. Average values of static 
contact angles of 111º and 110º were reached after cleaning Lioz and Branco surfaces respectively 
(vs 57º and 80º in reference samples). Nevertheless, MC1 and CC1 also induced static contact angles 
greater than 90º. The wettability was, therefore, drastically reduced and after cleaning both stone 
surfaces developed water repellency, meaning that the surfaces had become hydrophobic after 
cleaning. Ciliberto et al on contrary refer that after the application of chemical commercial  cleaning 
products on acrylic graffiti made on some Italian calcarenites the contact angles were drastically 
reduced to values bellow 50° [26]. Moreover Lettieri et al also pointed out a reduction of the water-






Figure 3.8. - Static contact angle images of 13 µL water droplet for time 0s and 17 s for reference surfaces, after 
application of aerosol graffiti paints, after mechanical soft-abrasive  and chemical cleaning on the Lioz (a) and 
Branco ( b) surfaces.  
 
In order to justify the present unexpected data presented it is necessary to take into account the 
combined effect of roughness on static contact angle. In fact, the individual effects of heterogeneity 
and roughness on contact angles have been analysed in the literature by several authors such as [54] 
and [55]. In the present case a reduction in roughness (both Ra and Rz) was observed as result of the 
cleaning method, i.e., cleaning erased part of initial stone roughness and thus induced modification of 
static contact angles. Nevertheless it cannot be discarded the effects of unremoved polymers that can 
be absorbed in some of the pores of the surfaces. In fact remains of some paints were observed within 
some heterogeneities of the stones. 
 
4. Conclusions 
In the present study, the behavior of two non conventional commercial dry soft-abrasive blasting 
media and an alkaline cleaner on alkyd-paint graffiti aerosols made on carbonate stones was analyzed 
and discussed.  
The criteria used for assessing efficiency and counter effects of the studied cleaning systems 
were changes in the chromatic parameters, static contact angle and surface roughness of the stones, 




surfaces. Microscopic and spectroscopic investigations performed on the cleaned samples revealed 
that both methodologies (mechanical soft-abrasive blasting and chemical cleaning) were apparently 
effective in the removal of the alkyd-paints, presenting both stones homogeneous cleaned surfaces. 
Nevertheless some traces of alkyd spray paint were still visible, mainly in Lioz stone, in areas 
associated with heterogeneities like stilolytes and fossils contours. Moreover very slight erosion of 
both stone surfaces were observed when mechanical soft-abrasive blasting methods were applied. In 
addition some removal of crystals, or dissolution of grain boundaries was also observed after 
application of the alkaline cleaner, which increased surface lightness, as confirmed by colorimetric 
measurements. All the cleaning methods tested increased the value of L*, i.e., after cleaning, both 
lithotypes became lighter than originally and the chroma (Cab) remained almost unaltered. The 
average global colour changes (ΔEab) after cleaning both stone types were slightly higher than 10 
units, except chemical cleaning of marble samples (ΔEab close to 4 units). 
The removal of alkyd paint graffiti from the Lioz and Branco with the tested cleaning methods 
did not induced formation of sub-products. Both cleaning methods (mechanical soft-abrasive blasting 
and alkaline chemical cleaning) presented a slight low damage potential to these stone materials, i.e., 
their impact on the topography of the surfaces was much reduced. The variations in Ra and Rz after 
cleaning were, for both lithotypes and for cleaning methods tested, bellow the damage thresholds 
established in reference sample surfaces.  
Increase knowledge of the interaction of the alkyd spray graffiti cleaning methods with stone 
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